This article is available online at http://www.jlr.org ( c9,. Many CLA isomers have been described; however, the major isomer occurring in meat and dairy products is c9,t11 -CLA ( 2-4 ). It is produced in the rumen through microbial biohydrogenation of linoleic acid and in tissues by delta-9 desaturation of rumen-derived transvaccenic acid ( t11 -FA 18:1) ( 5 ). In contrast, t9,t11 -CLA is the predominant isomer found in dietary oils, as it is generated during partial hydrogenation of vegetable oils and oil refi ning ( 6, 7 ). Several data from in vitro and animal studies show that dietary CLAs are benefi cial and infl uence the progression of several diseases, including cardiovascular and infl ammatory diseases and cancer ( 8-11 ).
( c9,c12 -FA 18:2). Many CLA isomers have been described; however, the major isomer occurring in meat and dairy products is c9,t11 -CLA (2) (3) (4) . It is produced in the rumen through microbial biohydrogenation of linoleic acid and in tissues by delta-9 desaturation of rumen-derived transvaccenic acid ( t11 -FA 18:1) ( 5 ). In contrast, t9,t11 -CLA is the predominant isomer found in dietary oils, as it is generated during partial hydrogenation of vegetable oils and oil refi ning ( 6, 7 ) . Several data from in vitro and animal studies show that dietary CLAs are benefi cial and infl uence the progression of several diseases, including cardiovascular and infl ammatory diseases and cancer (8) (9) (10) (11) .
We have previously reported that two isomers in particular, c9,t11 -and t9,t11 -CLA, have specifi c and even contrasting effects on gene expression associated with lipid metabolism of human macrophages ( 12, 13 ) . Concerning CLA metabolism, it has been shown that c9,t11 -CLA incorporates into phospholipids of leukemia cells and can be found in plasma and cellular lipids of healthy men supplemented with a diet enriched with this CLA isomer ( 14, 15 ) . However, so far the effects of c9,t11 -CLA on individual phospholipid classes, phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and its cellular distribution are not precisely described, and data on the metabolism of the t9,t11 -CLA isomer are completely unavailable.
Therefore we investigated c9,t11 -CLA and t9,t11 -CLA metabolism by quantitative lipid mass spectrometry. As a cellular model, human primary monocyte-derived macrophages were chosen because these cells are highly active with respect to fatty acid and phospholipid metabolism ( 16 ) . Moreover macrophages, which are multifunctional cells present in all tissues of the human body, play important roles in several metabolic diseases, including atheroAbstract Conjugated linoleic acids (CLA) are dietary fatty acids. Whereas cis-9,trans-11-(c9,t11)-CLA can be found in meat and dairy products, trans-9,trans-11-(t9,t11) -CLA is a constituent of vegetable oils. Previous studies showed that these two isomers activate different nuclear receptors and, thus, expression of genes related to lipid metabolism. Here we show that these CLA isomers are differentially elongated and desaturated in primary monocyte-derived macrophages isolated from healthy volunteers by using gas chromatographymass spectrometry (GC-MS). We further demonstrate that c9,t11 -CLA incorporates in phosphatidylcholine (PC) and phosphatidylethanolamine (PE) species and activates de novo glycerophospholipid synthesis by quantitative electrospray ionization-tandem mass spectrometry (ESI-MS/MS). c9,t11 -CLA leads to strong shifts of the species profi les to PC 18:2/18:2 and PE 18:2/18:2, which are due to de novo synthesis and fatty acid remodeling. In contrast, t9,t11 -CLA is preferentially bound to neutral lipids, including triglycerides and cholesterol esters.
Taken together our results show that c9,t11 -CLA and t9,t11 -CLA have differential effects on PC and PE metabolism. Moreover, these data demonstrate that the structure of fatty acids not only determines their incorporation into lipid classes but also modulates the kinetics of lipid metabolism, particularly PC synthesis. -Ecker, J., G. Liebisch, M. Scherer, and G. Schmitz Dietary fatty acids (FA) are reported to have numerous pleiotropic effects on cellular metabolism and function, including modulation of gene expression through activation of nuclear receptors and alteration of membrane phospholipid composition ( 1 ) .
Conjugated linoleic acid (CLA) refers to a group of positional and geometrical ( cis/trans ) isomers of linoleic acid used as internal standards. Quantifi cation was performed by standard addition calibration to cell homogenates using a number of naturally occurring lipid species for each lipid class.
Product ion spectra were generated in negative ion mode using a hybrid triple quadrupole linear ion trap mass spectrometer API 4000 Q-Trap (Applied Biosystems, Darmstadt, Germany) in the enhanced product ion spectrum mode at a scan speed of 1000 amu/s.
Thin-layer chromatography
PC, PE, triglycerides, and free fatty acids (FFA) were separated as described previously ( 22, 23 ) . For GC-MS analysis of distinct lipid classes, the appropriate bands were scraped, homogenized in methanol, and subsequently used for FAME derivatization.
Statistical analysis
The level of signifi cance for the difference between data sets was assessed using Student´s independent t -test (* P < 0.01).
RESULTS

CLA metabolism: elongation and desaturation to conjugated fatty acids
First we characterized kinetics of cellular CLA uptake. Primary monocyte-derived macrophages isolated from healthy volunteers were treated with 10 µM and 30 µM CLA for 4 h and 24 h. Intracellular CLA concentrations were quantifi ed by GC-MS. Both CLA isomers showed a time-and concentration-dependent uptake with a slightly faster uptake of t9,t11-compared with c9,t11 -CLA ( Table 1 ) .
Next we asked whether c9,t11 -and t9,t11 -CLA are further metabolized to other fatty acids within the cells. Using GC-MS, we screened for new metabolites at different incubation and concentration times. Potential metabolites were identifi ed by retention time analogies and their fragment patterns as standards for these metabolites are not available. In cells supplemented with c9,t11 -CLA, we found metabolites fi tting to conjugated fatty acids (CFA) 18:3 generated by desaturation and CFA 20:4 obtained through further elongation and desaturation ( Table 1 ) . Interestingly, we did not observe any desaturated CFAs originated from t9,t11 -CLA; we found only the elongated metabolites CFA 20:2 and CFA 22:2. Of the incorporated c9,t11 -CLA and t9,t11 -CLA, 11% and 7%, respectively, were metabolized after 24 h to CFAs in macrophages.
c9,t11 -CLA strongly affects cellular PC and PE species composition
To test whether c9,t11 -CLA or t9,t11 -CLA modulate the species pattern of the individual glycerophospholipid classes, primary cells were supplied with single CLA isomers and PC, PE and PS species profi les were investigated by ESI-MS/MS. When cells were treated with c9,t11 -CLA for 4 h we found a striking shift to PC 36:4, which was not observed when macrophages were treated with t9,t11 -CLA or linoleic acid ( Fig. 1A ) . As for PC, c9,t11 -CLA incubation led to a shift to PE 36:4 ( Fig. 1B ) , again t9,t11 -CLA or linoleic acid had no effects on PE 36:4. The PS species profi le was neither affected by c9,t11 -CLA nor by t9,t11 -CLA ( Fig. 1C ). sclerosis and obesity ( 17 ) . We found that these two CLA isomers differentially affect macrophage phospholipid metabolism. c9,t11 -CLA in contrast to t9,t11 -CLA activates PC and PE synthesis and incorporates into these membrane lipids.
EXPERIMENTAL PROCEDURES
Reagents and materials
t9,t11 -CLA and c9,t11-CLA were purchased from Cayman Chemicals. 
Monocyte isolation and cell culture
Primary human monocytes were obtained from healthy donors by leukapheresis and counterfl ow elutriation as described previously ( 16 ) . For metabolic labeling studies, cells were incubated with 50 g/ml of [ 
Fatty acid analysis
Fatty acid analysis was performed as described previously with slight modifi cations ( 16 ) . Briefl y, fatty acid methyl esters (FAME) were generated with acetyl-chloride and methanol over night at room temperature and extracted with hexane . Total FA analysis was carried out using a Shimadzu 2010 GC-MS system. FAMEs were separated by a BPX70 column (10 m length, 0.10 mm diameter, 0.20 µm fi lm thickness) from SGE using helium as carrier gas. The initial oven temperature was 50°C, which was programmed to increase with 40°C per min to 155°C, with 6°C per min to 210°C, and with 15°C per min to fi nally reach 250°C. The FA species and their positional and cis/trans isomers were characterized in scan mode and quantifi ed by single-ion monitoring (SIM) mode detecting the specifi c fragments of saturated and unsaturated FAs (saturated: m/z 74; monounsaturated: m/z 55; diunsaturated: m/z 67; polyunsaturated: m/z 79). As an internal standard, nonnaturally occurring C13:0 was used.
Lipid extraction
Lipids were extracted according to the procedure described by Bligh and Dyer in the presence of not naturally occurring lipid species as internal standards ( 18 ) . The chloroform phase was dried in a vacuum centrifuge and dissolved as described below for quantitative lipid analysis.
Lipid analysis
Lipids were quantifi ed by electrospray ionization tandem mass spectrometry (ESI-MS/MS) in positive ion mode as described previously ( 19 ) . In brief, samples were analyzed by direct fl ow injection using a HTS PAL autosampler, an Agilent 1100 binary pump, and triple quadrupole mass spectrometer (Quattro Ultima, Micromass). A precursor ion scan of m/z 184 specifi c for phosphocholine-containing lipids was used for PC ( 20 ) . The fatty acyl compositions of PC/PE 36:4 were determined from product ion spectra in negative ion mode using fragmentation pattern described previously (24) (25) (26) (27) Fig. 2A ,  B ) . However, we also observed a minor contribution of an acyl combination 16:0/20:4 ( Fig. 2A, B ) .
Taken together our data show that specifi cally c9,t11 -CLA strongly affects cellular PC and PE species pattern by inducing a shift toward PC 18:2/18:2 and PE 18:2/18:2.
c9,t11 -CLA activates cellular de novo PC and PE synthesis
To analyze if the CLA isomers infl uence cellular glycerophospholipid biosynthesis, primary macrophages were supplied with stable isotope labeled choline (D 9 ), ethanolamine (D 4 ), and serine ( 13 C 3 ). Glycerophospholipid synthesis was quantifi ed by ESI-MS/MS (supplementary Fig.  I ) ( 19 ) . c9,t11 -CLA, but not t9,t11 -CLA, enhanced de novo PC (D 9 -PC) and PE (D 4 -PE) synthesis via the Kennedy pathway ( Fig. 3A , B) . PS synthesis ( 13 C 3 -PS) and decarboxylation of PS to yield PE ( 13 C 2 -PE) was not altered or reduced by c9,t11 -, t9,t11 -CLA, or linoleic acid (supplementary Fig. II-A, B ) .
Analysis of D 9 -PC and D 4 -PE profi le showed that the species pattern of newly synthesized PC and PE changed in a similar way to the corresponding , unlabeled PC and PE species pattern ( Fig. 3C, D ) . After 4 h c9,t11 -CLA increased In summary, c9,t11 -CLA increases cellular PC and PE synthesis and induces shifts to PC 36:4 and PE 36:4, which are due to both de novo synthesis and fatty acid remodeling.
c9,t11 -CLA incorporates into glycerophospholipids, while t9,t11 -CLA is preferentially bound to neutral lipids
We hypothesized that particularly c9,t11 -CLA incorporates in macrophage phospholipids and leads to an increase of PC 18:2/18:2 and PE 18:2/18:2. To test this hypothesis, lipid classes were separated by thin-layer chromatography (TLC) and analyzed regarding fatty acid composition by GC-MS. When cells were treated with CLA isomers, we detected c9,t11 -CLA, but not t9,t11 -CLA, in PC and PE fractions ( Fig. 4A , B ) , which confi rms our hypothesis that c9,t11 -CLA incorporates into these cellular In conclusion, our results show that c9,t11 -and t9,t11 -CLA differentially contribute to cellular lipid composition. c9,t11 -CLA preferentially incorporates into PC and PE lipids, while the t9,t11 -CLA isomer preferentially binds to neutral lipids.
DISCUSSION
Although several groups have reported that c9,t11-CLA is metabolized in cells and incorporated into plasma and tissue lipids ( 15, 28 ) , only a few studies investigated its effects on cellular lipids. Metabolism of t9,t11 -CLA and its contribution to cellular lipids is completely unexplored.
Here we demonstrate that c9,t11 -CLA and t9,t11 -CLA are differentially metabolized to CFAs. We found that c9,t11 -CLA is desaturated and elongated to CFA 20:4 (supplementary Fig. III ) , which is supported by results phospholipids. c9,t11 -CLA contributed as equally as linoleic acid to the fatty acid composition of PC and PE. We did not detect c9,t11 -or t9,t11 -CLA in the PS fraction (data not shown) or any CFA ( Table 1 ) in PC, PE, or PS.
Because t9,t11 -CLA was not found in the glycerophospholipid fraction, we asked whether this CLA isomer is bound to neutral lipids, including triglycerides and cholesterol esters. TLC and subsequent GC-MS analysis of cellular triglycerides demonstrated that t9,t11 -CLA contributes 15%, whereas c9,t11 -CLA contributes only 6% to the fatty acid composition of the triglycerides ( Fig. 4C ) . Cellular cholesteryl ester (CE) species composition was analyzed by ESI-MS/MS, which revealed a 12-fold increase of CE 18:2 species for the t9,t11 -CLA treatments and a 4-fold increase for the c9,t11 -CLA-supplemented cells ( Fig. 4D ) . Finally, we explored whether the CLA isomers are available as free fatty acids in the cells and found about equal proportions of unesterifi ed c9,t11 -and t9,t11 -CLA ( Fig. 4E ) . conclusion is supported by experiments with human skin fi broblasts demonstrating that the trans -fatty acids elaidic acid ( t9 -FA 18:1) and linoelaidic acid ( t9,t12 -FA 18:2) in contrast to the cis -fatty acids oleic acid ( c9 -FA 18:1) and linoleic acid ( c9,c12 -FA 18:2) inhibit delta-5 and delta-6 desaturation ( 31, 32 ) .
Our results further show that c9,t11 -CLA leads to a shift toward PC and PE 18:2/18:2 ( Figs. 1, 2 ) . As we could defrom other groups showing that this CLA isomer in particular is well metabolized up to CFA 20:3 and 20:4 ( 14, 29, 30 ) . In contrast, the t9, t11-CLA isomer is only elongated to CFA 20:2 and CFA 22:2, but it is not desaturated. Because Agatha et al. showed that c9,c11 -CLA is delta-5 and delta-6 desaturated in leukemia cells ( 14 ), we hypothesize that t9,t11 -CLA is resistant for further desaturation due to the trans -double bond at position 9. This the PE fraction ( Fig. 4B ) , we conclude that this shift might not be due to incorporation of this CLA isomer in PE 40:7. Our results further demonstrate that t9,t11 -CLA is preferentially bound to neutral lipids, including triglycerides (TG) and cholesterol esters, proposing that a trans -double bond at position 9 favors incorporation into neutral lipids rather than into phospholipids.
Detailed metabolic profi ling demonstrated that c9,t11 -CLA activates cellular PC and PE de novo biosynthesis, we did not fi nd an increased mRNA expression of genes related to PC and PE synthesis upon CLA treatment (supplementary Fig. IV ) . A major reason for this fi nding might be that c9,t11 -CLA, due to its incorporation, fuels and, therefore, drives PC and PE synthesis. tect c9,t11 -CLA in the PC and PE fractions ( Fig. 4A, B ) , we assume that at least one acyl chain of PC/PE 18:2/18:2 is c9,t11 -CLA. This fi nding might also contribute to the reported anti-infl ammatory effects of c9,t11 -CLA, such as inhibition of eicosanoid release ( 5 ) . Due to its incorporation, c9,t11 -CLA might displace n-6 fatty acids like arachidonic acid in membrane phospholipids as precursor of eicosanoid production ( 1 ). Interestingly, our results further demonstrate that t9,t11 -CLA is not incorporated into cellular phospholipids. However, an un-expected fi nding is that t9,t11 -CLA leads to a shift to newly synthesized PE 40:7 ( Fig. 3D ) . Because analysis of a product ion spectrum reveals that primarily PE 18:1/22:6 contributes to PE 40:7 (data not shown) and as we could not detect t9,t11 -CLA in (CCT) is rapidly translocated from a soluble, inactive form to a membrane-associated, active form ( 33 ) . Translocation of this enzyme is triggered by membrane curvature stress ( 34 ) .
However, another explanation for this fi nding might be a metabolic activation of enzymes necessary for phospholipid (PL) synthesis. Upon induction the key enzyme of PC synthesis, choline-phosphate cytidyltransferase PUFA acyl chains and double bonds dramatically alter physical properties of cellular membranes ( 35 ) . While acyl chains of unconjugated PUFAs can freely rotate after the double bonds, the conjugated double-bond system characteristic for all CLAs leads to a planar, rigid structure. t9,t11 -CLA is a relatively straight molecule, whereas c9,t11 -CLA structure is bended due to the cis -double bond (supplementary Fig. V-A, B) . These differential structural features of the supplied CLA isomers may very well explain the observed PC synthesis rates ( Fig. 2A ) using the abovedescribed model for CCT activation by membrane curvature stress. It is also supported by data from Yin et al. showing that incorporation of c9,t11 -CLA into phospholipids substantially alters physical membrane properties and function ( 36, 37 ) . However, another possible explanation for the enhanced PL synthesis rates might be that c9,t11 -CLA treatment enhances PC and PE synthesis by increasing the diacylglycerol (DAG) content necessary for the last step of the Kennedy pathway (supplementary Fig. I ).
To summarize, our results show that geometrical isomers of CLA have different effects on macrophage lipid metabolism. c9,t11 -CLA activates cellular PC and PE synthesis and incorporates into these lipids, which might contribute to the reported biological effects of this isomer. Our data are a good example to demonstrate that phospholipid species composition strongly depends on exogenous fatty acid supply. Moreover, these fi ndings are a valuable contribution to better understand fundamentals of cellular membrane biology, such as the relation between fatty acid structure and its effects on glycerophospholipid metabolism.
